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H I G H L I G H T S
 A tubular rector for continuous refolding of proteins.
 Refolding strategies include dilution, pulse refolding and temperature leap tactic.
 Productivity is higher in continuous because ﬁlling and emptying is eliminated.
 Reactor more beneﬁcial for fast refolding proteins.
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a b s t r a c t
Continuous protein refolding by direct dilution was established in a laboratory-scale tubular reactor.
Advanced refolding strategies by pulsed refolding and temperature leap, favoring the native pathway of
speciﬁc model proteins were also implemented. The reactor was tested with two autoprotease fusion
proteins, EDDIE-pep6His and 6His-EDDIE-GFPmut3.1, and also on carbonic anhydrase II. Direct refolding
kinetics approximated by a folding kinetic of ﬁrst order and aggregation kinetic of second order was
similar to batch processes, while pulse and temperature leap refolding yields were higher than direct
batch refolding method. Productivity comparisons calculated as amount of refolded protein per reactor
volume and process time showed that an optimal refolding concentration to achieve highest
productivity value is a balance between a rational reactor volume and a reasonable refolding time.
Productivity in a tubular reactor is always higher as emptying and reﬁlling times required for batch
reactor decreases productivity. This productivity improvement is higher for a fast refolding protein than
a slower one.
& 2014 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/3.0/).
1. Introduction
Refolding of proteins is the major cost driver in recombinant
protein production with inclusion bodies, although overall process
economics are favorable (Middelberg, 2002). A possibility to inten-
sify such processes is continuous operation (Jungbauer, 2013).
However, industry standard is to solubilize inclusion bodies and
to refold the non-native in batchwise mode to become biologically
active (Eiberle and Jungbauer, 2010; Jungbauer and Kaar, 2007) in
contrast to expression in soluble form (Caparon et al., 2010).
Currently, the simplest and most widely used method in
biopharmaceutical manufacturing in protein refolding is by direct
dilution. To achieve higher refolding yields and reduce aggrega-
tion, protein is often refolded at low protein concentrations
between 10 to 100 mg/ml in large stirred tank (Jungbauer and
Kaar, 2007). This presents itself as a downstream bottle neck
(Mannall et al., 2007; Schlegl et al., 2005). Furthermore large
industrial stirred tank have mixing times lasting several minutes
which could affect process yields (Doran, 1995).
Continuous protein refolding reactors were previously devel-
oped to improve productivity. These include continuous refolding
in a CSTR (Schlegl et al., 2005), a ﬂow type packed column reactor
(Terashima et al., 1996), a membrane tube reactor equipped with
paddles and partitioning disks (Katoh and Katoh, 2000).
Alternatively, the tubular reactor could be a solution for continuous
protein refolding. Using pumps, tubings and various tube connectors,
the tubular reactor has the ﬂexibility to be easily constructed into
different conﬁgurations, suiting different protein refolding behaviors
and refolding speed. The tubings high surface area to volume allows
fast heat transfer, thus better temperature control. When disposable
tubings are used, cleaning and sterilizing steps are avoided. Its ﬂow
characteristic also offers a direct connection to subsequent chromato-
graphic puriﬁcation systems (Ferre et al., 2005).
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Our objective is therefore to design, construct and experimen-
tally test different conﬁgurations of the tubular reactor to refold
proteins by direct dilution, pulse refolding and temperature leap
tactic. From there, we develop a scenario based productivity
calculations at production scale, to quantitatively determine ideal
refolding concentrations, compare performance between batch
and tubular reactor and between fast and slow refolding proteins.
The ﬁrst study is refolding of fusion protein EDDIE-pep6His in a
tubular reactor. The artiﬁcial peptide, pep6His will cleave from
EDDIE-pep6His when refolded, where yields were concentration
independent (Kaar et al., 2009; Ueberbacher et al., 2009). The
second study is refolding and pulse refolding of fusion protein
6His-EDDIE-GFPmut3.1 in a tubular reactor. During refolding,
GFPmut3.1 is cleaved from the fusion protein, before chromophore
formation and oxidation is formed (Reid and Flynn, 1997). This
follows a 1st order refolding and competing 2nd order aggregation
where yields were concentration dependent (Kaar et al., 2009).
The third conﬁguration is the refolding of carbonic anhydrase II
(CAII) in a tubular reactor with temperature leap tactic (Xie and
Wetlaufer, 1996).
Subsequently, the theoretical aspects in productivity perfor-
mances between the batch and tubular reactor is presented. This
was performed using scenario based calculations from a given
amount of dissolved inclusion bodies. With respect to the refold-
ing speed of a protein, the suitability of adapting a protein into a
tubular reactor was also discussed.
2. Materials and methods
2.1. Chemicals
All chemicals if not stated otherwise were purchased from
Merck (Darmstadt, Germany) and Sigma (Steinheim, Germany)
respectively.
2.2. Recombinant protein expression and IBs isolation
Recombinant protein 6His-EDDIE-GFPmut3.1 and EDDIE-
pep6His were overexpressed as shown (Achmüller et al., 2007).
Fed-batch cultivation was as described in Clementschitsch et al.
(2005). Isolation of IBs was as previously described (Kaar et al.,
2009).
2.3. Dissolution and refolding by batch dilution of EDDIE-pep6His
EDDIE-pep6His IBs were dissolved by 1:5 ratio dilution dis-
solution buffer containing 10 M urea, 50 mM Tris–HCl and
100 mM α-monothioglycerol (MTG) (pH 7.3) for at least 0.5 h.
Dissolved solution was centrifuged and ﬁltered as previously
described (Kaar et al., 2009). Protein concentration was measured
on a Cary 50 Bio UV–vis Spectrophotometer (Varian, Palo Alto,
USA) using the theoretical extinction coefﬁcient 1.098 (mg/ml
protein) cm1 at 280 nm. Dissolved IBs concentration was diluted
to 4 mg/ml using buffer containing 8 M urea, 50 mM Tris, 100 mM
MTG (pH 7.3).
Refolding was initiated by 1:10 ratio dilution where 5 ml
dissolved protein was added to stirred 50 ml beakers with 45 ml
refolding buffers containing 1 M Tris–HCl, 0.25 M sucrose (Acros
Organics, New Jersey, USA), 2 mM EDTA, 20 mM MTG (pH 7.3).
1 ml samples were drawn at speciﬁc times and quenched with 1:2
ratio of 10 M urea for analyzing by SDS-PAGE and HPLC.
2.4. Dissolution and refolding by batch and pulsed dilution
of 6His-EDDIE-GFPmut3.1
6His-EDDIE-GFPmut3.1 IBs initially lyophilized were weighed
and suspended in 50 mM Tris (pH 7.3) overnight. Suspended
protein were dissolved by 1:11 ratio in dissolution buffer contain-
ing 10 M urea, 50 mM Tris–HCl and 100 mM MTG (pH 7.3) for
0.5 h. Protein concentration was measured on a Cary 50 Bio UV–vis
Spectrophotometer (Varian, Palo Alto, USA) at theoretical extinc-
tion coefﬁcient of 0.914 (mg/ml protein) cm1 at 280 nm. This was
further diluted to 2 mg/ml using buffer containing 9 M urea,
50 mM Tris–HCl, 100 mM MTG (pH 7.3).
Refolding was initiated by 1:10 ratio dilution where 0.5 ml
dissolved IBs were added to 5 ml eppendorfs containing 4.5 ml
refolding buffer with 0.3 M L-arginine/HCL (SERVA, Heidelberg,
Germany), 1 M Tris–HCl, 0.25 M sucrose, 2 mM EDTA, 20 mM MTG,
pH 7.3. Solutionwas vortexed and inserted onto SB3 laboratory rotator
(Stuart, Staffordshire, UK) (10 rpm). At speciﬁc time intervals 200 ml
samples were drawn and measured for ﬂuorescence yield.
Pulsed refolding was initiated where 0.125 ml dissolved protein
was added to 5 ml eppendorfs containing 4.5 ml refolding buffer,
mixed immediately with vortex mixer and inserted onto labora-
tory rotator (10 rpm). Another 3 pulses of dissolved protein was
added at every 1 h intervals. Pulse volumes are corrected based on
samples drawn before them.
To determine refolding rate constants of 6His-EDDIE-GFPmut3.1
with increasing residual urea, refolding of denatured 6His-EDDIE-
GFPmut3.1 was performed in 5 ml eppendorfs at concentrations of
44, 67, 100, 200, 400 mg/ml. Refolding buffers with speciﬁc urea
content was used to ensure at each refolding concentration, ﬁnal
residual urea was 0.24, 0.35, 0.46, 0.56, 0.66, 0.76 and 0.90 M.
At speciﬁc time intervals 200 ml samples were drawn and measured
immediately for ﬂuorescence yield. Kinetic constants at each
residual urea were calculated using by ﬁtting data sets into Eq. (1)
with Table Curve 3D (SPSS, Erkrath, Germany). The reciprocal of
each ﬁt standard error value was used as a weight to determine the
weighted trend line of data in Fig. 2.
2.5. Refolding in tubular reactor of EDDIE-pep6His with and without
sample valves
A tubular reactor system containing a LCC-501 FPLC controller
(Pharmacia, Uppsala, Sweden), P500 pump (Pharmacia, Uppsala,
Sweden), a TC-3 3-way connector (GE Healthcare, Uppsala, Sweden)
and ﬂanged i.d. 1.9 mm PTFE tubings of a total of 5 m length (GE
Healthcare, Uppsala, Sweden) were used. Refolding step was initiated
by mixing the two streams from Pump A, 5 ml/min (4 mg/ml
dissolved IBs) and pump B 45 ml/min (refolding buffer) within 3-
way connector and residence time was 190 min. With sample valves,
ﬂanged tubings of a total of 16.16 m length were used. Refolding step
was initiated by mixing streams from Pump A, 25 ml/min (4 mg/ml
dissolved IBs) and pump B 225 ml/min (refolding buffer) in 3-way
connector. For kinetic studies, MV-8 motor valves (Pharmacia,
Uppsala, Sweden) were installed at residence times of 15, 45, 90,
135 min for sample collection (Fig. 1A). Total residence time is
180 min. Each motor valves collected samples at 1st, 3rd and 5th
hour at steady state. Samples collected were quenched immediately
at a ratio of 1:2 with 10 M urea for SDS-PAGE and HPLC analysis.
Batch refolding with the same conditions were carried out in 50 ml
stirred beakers as a control.
2.6. Refolding/pulse refolding in tubular reactor
of 6His-EDDIE-GFPmut3.1
A tubular reactor system containing IPC 4 and IPC-N peristaltic
pumps (ISMATEC, Wertheim, Germany), various barb ﬁttings
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Fig. 1. (A) Tubular reactor for EDDIE-pep6His refolding with sampling valves for kinetic studies within tubular reactor. (B) Tubular reactor for 6His-EDDIE-GFPmut3.1
refolding with fraction collector at outlet. (C) Tubular reactor for 6His-EDDIE-GFPmut3.1 pulse refolding with fraction collector at outlet. (D) Tubular reactor for carbonic
anhydrase II refolding with temperature leap tactic.
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(Watson-Marlow Alitea, Stockholm, Sweden) and 3.2 mm i.d.
Tygon tubings of different lengths (ISMATEC, Wertheim, Germany)
were used. Refolding and pulse refolding steps were initiated by
mixing the two streams from IPC-N pump (dissolved IBs) and IPC
pump (refolding buffer) with the 3-way barbed ﬁttings in two
conﬁgurations (Fig. 1B and C). The concentration of the dissolved
IBs was 2 mg/ml. The ﬁnal protein concentration in the refolding
solution was 0.2 mg/ml with 0.9 M residual urea. Pump ﬂow-rates
were set to keep a constant residence time to 240 min on both
conﬁgurations. To measure refolding kinetics, samples within
different sections of tubings were manually collected at the start
of the process and ﬂuorescence measurement were analysed
immediately. Samples collected from tubular outlet were collected
at 12.3 min per 15 ml fraction for 19.3 h using a Frac-920 fraction
collector (GE Healthcare, Uppsala, Sweden). To ensure all fractions
collected reached refolding equilibrium, ﬁnal yields were mea-
sured after 48 h. Batch and pulse refolding with similar conditions
were carried out in 5 ml eppendorfs for comparison.
2.7. Refolding in batch and tubular reactor of carbonic anhydrase II
(CAII)
CAII (AbD Serotec, Oxford, UK) was denatured and refolded at
5 mg/ml in 0.1 M Tris–HCl buffer, pH 7.5 as shown (Xie and
Wetlaufer, 1996). Tubings were submerged and pre-cooled in
circulating cooler DLK 402 (Fryka, Esslingen, Germany) before
refolding was initiated. Subsequent tubings were also cooled for
the initial 50 min residence time. Tubings in the next 20 min
residence time were submerged in 37 1C E100 water bath (LAUDA,
Baden-Württemberg, Germany) (Fig. 1D). At steady state, samples
were collected over 40 min at exiting solution for analysis. Batch
refolding at 20 1C and temperature leap tactic at identical condi-
tions were carried out in 2 ml eppendorfs a control. Enzymatic
analyses were performed as previously shown (Wetlaufer and Xie,
1995).
2.8. Analytical methods
EDDIE-pep6His analyses by RP-HPLC were performed similar to
(Ueberbacher et al., 2009). Calibration curves for EDDIE-pep6His
were established to quantify IB and cleavage products. Fluores-
cence of EDDIE-GFPmut3.1 was determined by 485 nm excitation
and 535 nm emission with a GENios Pro plate reader (TECAN,
Männedorf, Switzerland). Overall yield was calculated with cali-
bration curve from 4 to 100 mg/ml GFPmut3.1 (in-house standard).
SDS-PAGE was performed are as described in (Kaar et al., 2009).
3. Theoretical aspects
Our model protein 6His-EDDIE-GFPmut3.1 refolding displays a
strong concentration dependence typically found in other pro-
teins, where the 1st order refolding process is competing with the
2nd order aggregation process (Kaar et al., 2009). Its differential
equation is solved (Kiefhaber et al., 1991) and the overall yield Y (t)
at a certain time can be expressed as:
YðtÞ ¼ k1
U0k2
In 1þU0K2
k1
ð1ek1tÞ
 
ð1Þ
where U0 [mol/l] is the initial concentration of the denatured
protein, k1 [s1] the rate constant of folding, K2 [M/s] the apparent
rate constant of aggregation, and t [s] the time.
In contrast, refolding and cleavage of model protein EDDIE-
pep6His between 0.26 to 3.88 mg/ml was found independent of
protein concentration with a cleavage yield of approximately
60%. Since yield did not reach 100%, it was proposed that
EDDIE-pep6His follows a 1st order refolding and 1st order mis-
folding reaction (Kaar et al., 2009), which can be described as:
YðtÞ ¼ k1
k1þk2
 k1
k1þk2
eðk1þk2Þt ð2Þ
where Y is the cleavage yield, k1 [s1] the overall rate constant of
folding and cleavage, k2 [s1] the overall rate constant of misfold-
ing and t [s] the time.
A systematic way to calculate refolding productivity in indus-
trial settings was established in order to quantify performances
between batch and tubular reactors, determine refolding concen-
tration for highest productivity and also to understand the effect of
protein refolding speed on productivity. EDDIE-pep6His and 6His-
EDDIE-GFPmut3.1 were used to calculate productivity for protein
refolding in batch and tubular reactor. Additionally, several initial
parameters have to be deﬁned. These are:
(a) Volume and concentration of dissolved IBs and chaotrope per
process batch.
(b) Dilution factor during refolding.
(c) The emptying and ﬁlling time of the batch reactor.
(d) The ﬂow rate to feed denatured protein into tubular reactor.
To make meaningful productivity calculations, the deﬁnition of
batch in point (a) must be deﬁned, which we refer as the quantity
of material processed and not the mode of manufacture (Code of
Federal Regulations: 21 CFR 210.3). In our case, the quantity of
material processed is the amount of IBs recovered and dissolved
per fermentation. Using points (a) and (b), both protein refolding
and residual chaotrope concentration is found. With residual
chaotrope concentration, the global rate constants for EDDIE-
pep6His is calculated from Eqs. (3) and (4). Using the same
principle, global rate constants for 6His-EDDIE-GFPmut3.1 is
calculated from Eqs. (5) and (6). Refolding rate constant k1 for
different chaotrope concentration of EDDIE-pep6His is:
k1 ¼ k0  eðbcÞ ð3Þ
Misfolding rate constant k2 for different chaotrope concentra-
tion of EDDIE-pep6His is:
k2 ¼ ð0:667Þ  k0  eðbcÞ ð4Þ
Refolding rate constant k1 at different chaotrope concentration
of 6His-EDDIE-GFPmut3.1 is:
k1 ¼ bcþk0 ð5Þ
Aggregation rate constant K2 for different chaotrope concen-
tration of 6His-EDDIE-GFPmut3.1 is:
K2 ¼ BcþK0 ð6Þ
These Equations show the inﬂuence of residual urea concen-
tration c [M] on cleavage kinetics. For 6His-EDDIE-GFPmut3.1,
k0 [s1] and K0 [M/s] is the hypothetical maximal rate constant
in the absence of denaturant, while b and B [M1] a parameter for
the decrease of rate constant. EDDIE-pep6His follows an exponen-
tial decrease where k0 [s1] is a hypothetical maximal rate
constant in the absence of denaturant and b [M1] a parameter
for the decrease of rate constant (Ueberbacher et al., 2009). For
6His-EDDIE-GFPmut3.1, detailed experiments on the inﬂuence of
increasing urea concentration c [M] on cleavage kinetics suggests a
linear decrease in rate constants (Fig. 2). Respectively, literature
values of k0 and b for EDDIE-pep6His are 4.5104 s1 and
1.5 M1 respectively (Ueberbacher et al., 2009), while values
of k0, b, K0, and B for 6His-EDDIE-GFPmut3.1 empirically found
were 9.83105 s1, 7.23105 s1, 121 M/s, 66 M/s (Fig. 2).
After rate constants are found, respective yields at equilibrium
Y [] for EDDIE-pep6His and 6His-EDDIE-GFPmut3.1 were
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calculated from Eq. (7) (Kaar et al., 2009) and (8) (Kiefhaber et al.,
1991) respectively as shown, when t-1. Equilibrium yield of
EDDIE-pep6His at inﬁnite refolding time is therefore:
Y ¼ k1
k1þk2
ð7Þ
Since EDDIE-pep6His cleavage yields at equilibrium Y [] were
around 60%, and is a concentration independent reaction, the
misfolding constant k2 in Eq. (7) is therefore 66.67% of k1.
While equilibrium yield of 6His-EDDIE-GFPmut3.1 for inﬁnite
refolding time is:
Y ¼ k1
C0k2
ln 1þC0k2
k1
  
ð8Þ
Where C0 is the protein refolding concentration. Considering in
practice that a refolding process will only reach equilibrium
at inﬁnite time, a reduction factor, that is 99% of equilibrium yield
Y [] is taken from Eqs. (7) and (8). Subsequently to ﬁnd the
refolding time, this yield is inserted into Eqs. (9) and (10), which is
rearranged from Eqs. (2) and (1) respectively. Refolding time
required for EDDIE-pep6His at a speciﬁc refolding yield (Y []) is:
t ¼
 ln 1k1þk2k1 ðYÞ
h i
k1þk2
ð9Þ
Refolding time required for 6His-EDDIE-GFPmut3.1 at a speciﬁc
refolding yield (Y) is:
t ¼
 ln 1k1 e
Yðk2 Þ
k1 1
C0k2
( )" #
k1
ð10Þ
The time found from (9) or (10) is also the tubular reactor
residence time. Together with (b) and (d), tubular reactor volume
is calculated as:
VTR ¼ F  DF  τ ð11Þ
where VTR [L] is the tube volume, F [ml/h] is the dissolution protein
ﬂow, DF [] is the refolding dilution factor and τ [h] is the
residence time. While the corresponding batch reactor volume is:
VBR ¼DF  VIB ð12Þ
where VBR [L] is the batch volume, DF [] is the dilution factor and
VIB [L] is the dissolved inclusion bodies volume.
With initial parameters a-d and Eqs. (1)–(12), reactor produc-
tivity can thus be found. Productivities (mg/l/h) of batch and
tubular reactors are calculated differently due to its individual
unique characteristics. In batch reactor, ﬁlling, refolding and
emptying is considered into the time of refolding process, and
therefore its productivity is described as:
PBR ¼
Mref old
VBRðtf illþtref oldþtemptyÞ
ð13Þ
whereMrefold [mg] is the total refolded amount, VBR [L] is the batch
reactor volume, tﬁll [h] is the ﬁlling time, trefold [h] is the refolding
time and tempty [h] is the emptying time.
In tubular reactor, productivity is described by the feeding time
to completion into the tubular reactor of dissolved IBs obtained
per fermentation. No ﬁlling and emptying time is needed as new
dissolved IBs can is fed continuously. This is described as:
PTR ¼
Mref old
VTRðtf eedÞ
ð14Þ
where Mrefold [mg] is the total refolded amount, VTR [L] is the
tubular reactor volume, tfeed [h] is the feeding time of dissolved IBs
into tubular reactor.
4. Results
Protein refolding in tubular reactor experiments was performed
in 4 different conﬁgurations using different proteins, pumps, with or
without valves, tube dimensions and refolding conditions as shown
in Table 2 and Fig. 1. Batch experiments with similar refolding
conditions were performed in parallel for comparison.
4.1. Refolding equilibrium and kinetics in tubular reactor
of EDDIE-pep6His
To test the proof of concept of protein refolding in a tubular
reactor, an initial process refolding EDDIE-pep6His was set up
similar to Fig. 1A but without valves and with a residence time of
190 min. Operating conditions were shown in Table 1. SDS-PAGE
analysis showed that cleavage yields of EDDIE-pep6His in batch
and tubular reactor was observed when compared to IBs in 8 M
urea before refolding in Fig. 3A. Additionally, RP-HPLC analysis
were performed to detect the product pep6His, as a control
method (Schmoeger et al., 2009), giving the same results in terms
of cleavage yield seen in Fig. 3B. Similar cleavage yields were
observed between batch and tubular reactor after 190 min of
refolding, showing similar refolding between the reactors. Clea-
vage yields were still observed after 19 h of sample collection from
the outlet of tubular reactor, showing that protein refolding can be
performed in tubular reactor for at least 19 h (Fig. 3A and B).
To investigate protein refolding kinetics, tubular reactor was
ﬁtted with valves for sample collections as shown in Fig. 1A.
Samples were quenched immediately during process run. HPLC
analyses showed that refolding kinetics of EDDIE-pep6His have
similar kinetics proﬁle and yields in batch and tubular reactor at
1st, 3rd and 5th hour operation (Fig. 4). When refolding kinetics
was ﬁtted into Eq. (2), refolding constants for batch and tubular
reactor on average were 2.3104 and 2.0104 s1 while
misfolding constants were 1.7104 and 1.4104 s1, respec-
tively. Yields in batch and tubular reactor on average were also
similar at 59 and 58%, respectively. This suggests that refolding
kinetics and yields in both batch and tubular reactors were similar
in refolding of EDDIE-pep6His.
Fig. 2. Refolding and aggregation constants k1 and K2 of 6His-EDDIE-GFPmut3.1
were experimentally found with a r2 by weighted linear regression of 0.99 and 0.93
respective, to decrease linearly with increasing residual urea. Kinetic constants
were derived from batch refolding kinetic experiments of 6His-EDDIE-GFPmut3.1.
At each residual urea concentration of 0.24, 0.35, 0.46, 0.56, 0.66, 0.76 and 0.90 M,
refolding kinetics were performed at 44, 67, 100, 200, 400 mg/ml over 23 h. Yields
over time were subsequently ﬁtted globally to Eq. (1).
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4.2. Refolding/pulse refolding in tubular reactor
of 6His-EDDIE-GFPmut3.1
6His-EDDIE-GFPmut3.1 was refolded in a tubular reactor as
shown in Fig. 1B. Additionally, a pulse refolding method (Winter
et al., 2002) was also performed as shown in C, where protein
concentration increases every hour of residence time in the
tubular reactor over 4 h. The step increase of protein concentration
over time by pulse refolding suppresses aggregation and favor the
refolding pathway, thus improving refolding yields.
Altogether, we performed 4 different refolding strategies,
refolding and pulse refolding in batch reactor as well as refolding
and pulse refolding in tubular reactor (Fig. 1B and C). Pulse
refolding consists of 4 pulses 60 min per pulse. Detailed experi-
mental conditions are shown in Table 2. To investigate refolding
kinetics in tubular reactors, samples at different residence times
were collected and analyzed immediately at the start of process
before connecting the tubing sections together with barbed con-
nectors. Since the residence time at speciﬁc tubing sections also
dictates the refolding time, this also reﬂects the steady state
condition during the whole process run within the tubular reactor.
All 4 refolding methods were refolded to a ﬁnal protein concen-
tration of at 0.2 mg/ml with a residual urea concentration of 0.9 M.
Refolding and cleavage were analyzed by means of ﬂuorescence
emission of refolded GFP, whereby the obtained kinetic constants
represent a lumped parameter accounting for refolding and
cleavage of the autoprotease and folding and chromophore for-
mation of GFP. The residence time of refolding and pulse refolding
tubular outlets were 240 min, and samples were collected using
fraction collectors over 19.3 h. Refolding continued in fraction
collectors and ﬂuorescence measurements at refolding equilibrium
were taken for every fraction after 48 h. Both refolding in batch
and tubular reactors showed similar yields and kinetic proﬁles
(Fig. 5A). To ensure kinetics were similar between batch and
tubular reactor, proﬁles were ﬁtted into Eq. (1), refolding constants
in batch and tubular reactor were 3.23105 and 3.26105 s1
and aggregation constants were 39.6 and 43.5 M/s respecti-
vely. Yields were 35.4 and 33.471.5%, respectively. Yields of
6His-EDDIE-GFPmut3.1 were similar in batch and tubular reactor.
As comparison to refolding at identical protein concentration,
pulse refolding in batch and tubular reactor on average gave
Table 1
Dissolution conditions and ﬂow of dissolution protein into tubular reactor for productivity calculations.
Model protein Molecular
weight (Da)
Dissolution
concentration
(mg/ml)
Urea in
dissolved
protein (M)
Dissolution
protein
volume (L)
Dissolution
protein ﬂow
(ml/h)
Time of protein
fed into tubular
reactor (h)
Emptying, ﬁlling,
holding time in
batch reactor (h)
EDDIE-pep6His 20988.5 50 8 10 1696 6 6
6His-EDDIE-GFPmut3.1 46663.5 10 8 5 283 18 6
Fig. 3. (A) SDS-PAGE analysis of samples collected from tubular reactor outlet at speciﬁed process times and compared to batch refolded sample. Lane 1 dissolved IBs feed for
batch and tubular reactor, lane 2 batch reactor refolding after 190 min, lane 3–9 tubular reactor refolding after 190 min at processing times of 0 min, 15 min, 30 min, 45 min,
17 h, 18 h and 19 h. (B) RP-HPLC analysis to detect cleaved product pep6His from EDDIE-pep6His. Samples collected were from batch refolding after 190 min and from
tubular outlet at 0–19 h of processing time.
Fig. 4. Kinetics of EDDIE-pep6His refolding at 0.4 mg/ml in batch and tubular
reactor. Lines were generated by ﬁtting data points to Eq. (2).
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higher yields than normal refolding at 41.771.7 and 44.4%,
respectively.
It was observed that pulse refolding in tubular reactor had
consistently 25% higher yields than refolding in tubular reactor
throughout the 19.3 h period, showing process consistency for at
least 19.3 h (Fig. 5B). This is also a proof of concept long term
robustness in a tubular reactor.
Although the tubular reactor in 6His-EDDIE-GFPmut3.1 refold-
ing was only constructed for the ﬁrst 4 h in both direct refolding
and pulse refolding, combining the kinetics yields from the ﬁrst
4 h within the tubular reactor and subsequent yields outside the
reactor until 48 h showed a smooth continuation in refolding
kinetics that follows Eq. (1) for both tubular reactor conﬁgurations.
Furthermore, refolding pathways were similar to the controls
performed in batch as shown in Fig. 5A. These suggest that results
would be similar to a tubular reactor construct, where equilibrium
was reached inside the reactor over 48 h.
On average, the slightly lower yields in tubular than batch
reactor in the respective refolding strategies could be due to
dispersion and mixing issues within the 3-way connectors (Nagy
et al., 2012). In this case, static or active mixers can be imple-
mented to improve the mixing in the initial stages of protein
refolding. Back mixing could also affect yield performance
(Terashima et al., 1996). To mitigate this issue, ﬂow rates and tube
lengths can be simultaneously increased to reduce longitudinal
dispersion effects (Levenspiel, 1999). Nevertheless, the concept of
the tubular reactor has been proven.
4.3. Temperature leap tactic in tubular reactor
In a tubular reactor, a change of temperature can be accomplished
much easily compared to other reactor types due to its large surface to
volume ratio. Studies have shown refolding yields improved when
CAII is ﬁrst refolded at 4 1C and warmed rapidly to 37 1C, as compared
to refolding performed at 4 1C, 20 1C and 37 1C. During the refolding of
denatured carbonic anhydrase II (CAII), the ﬁrst intermediate (I1) is
rapidly formed. I1 can either isomerize to the second intermediate (I2)
which rearranges itself to native conformation, or self-associate to
form aggregates. Initial refolding at 4 1C suppresses the competing
aggregation pathway, allowing more I2 to form. Once most denatured
CAII has reached the stable I2 form, subsequent refolding at 37 1C
accelerates the refolding from I2 to native form. Yields of CAII to native
form by temperature leap tactic were therefore higher than refolding
at room temperature (Xie andWetlaufer, 1996). This tactic was applied
in the tubular reactor, where temperature at 4 1C for the ﬁrst section of
tubing was subsequently ramped up to 37 1C for the next section of
tubing.
From Fig. 6, temperature leap tactic batch and tubular yields
were on average higher at 64.5 and 63.6%, respectively, as
compared to 20 1C batch refolding at 56.1% yield. The yield
increase for both methods was lower as proposed in the original
work, but this may be due to different protein purity and protein
preparation. Nevertheless, the principal applicability for tempera-
ture change method for protein refolding in a tubular reactor
was proven.
Table 2
Experimental conditions and equipment for refolding in tubular reactor.
Experiment Refolding Refolding and
kinetic studies
Refolding and
kinetic studies
Pulse refolding and
kinetic studies
Refolding with
temperature leap tactic
Protein type EDDIE-pep6His EDDIE-pep6His 6H-EDDIE-GFPmut3.1 6H-EDDIE-GFPmut3.1 Carbonic anhydrase II
Denatured protein concentration (mg/ml) 4 4 2 2 25
Denaturant concentration 8 M urea 8 M urea 9 M urea 9 M urea 5 M GuHCL
Protein refolding concentration (mg/ml) 0.4 0.4 0.2 0.2 5
Pump type Pharmacia P500 Pharmacia P500 ISMATEC IPC/IPC-N ISMATEC IPC/IPC-N Pharmacia P500
Tube type PTFE tubings PTFE tubings Tygon tubings Tygon tubings PTFE tubings
Tube i.d. (mm) 1.9 1.9 3.2 3.2 1.9
Tube length (m) 5 16.2 36.5 35.1 1.23
Pump ﬂow for denatured protein (ml/min) 5 25 122 30.6 10
Pump ﬂow for refolding buffer (ml/min) 45 225 1100 1100 40
Fig. 5. (A) Refolding kinetics of 6His-EDDIE-GFPmut3.1 in batch and tubular reactors using refolding and pulse refolding strategies. Final refolding concentration of 6His-
EDDIE-GFPmut3.1 in all refolding methods was 0.2 mg/ml at 0.9 M urea. Lines represent ﬁts of Eq. (1) to data points. (B) Dotted symbols show refolded sample yields
collected in fraction collectors from tubular reactor outlets every 12.3 min over 19.3 h. Lines represent refolded yields from batch reactors. Samples were taken at refolding
equilibrium after 48 h.
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4.4. Considerations in tubular design for industrial scale
While the applicability of the tubular reactor has been shown,
industrial processes will require tubular reactors at a larger scale.
This will depend on the denatured protein volume and its feed
rate. In principle, as long as residence time is kept constant, scale
up could be done by increasing the inner tubular diameter, tube
length or ﬂow rate that are interrelated to each other. Inner
tubular diameter should not be too large so that a large ﬂow rate
is required to prevent refolding solution from turning into a
stream within the tubular reactor. Equally, if inner diameter is
too small and ﬂow rate is too fast, the tubular length will be
impractically long and back pressure could result. This could be
aggravated if processed viscosity ﬂuids are high. The need of static
and active mixers would also be adopted for better mixing. While
current study have shown the applicability at laboratory scale,
scaling up would still be required to determine detailed operating
parameters as heat and mass transfer could differ. Alternatively, to
avoid heat and mass transfer issues, scaling out could also be
adopted for larger scale production (Brivio et al., 2006).
4.5. Productivity calculations for EDDIE-pep6His
Productivity was ﬁrst calculated for EDDIE-pep6His. Experi-
ments show cleavage yields at 60% were concentration indepen-
dent for up to 3.9 mg/ml (Kaar et al., 2009). Using Eq. (2),
concentration range calculated was between 0–20 mg/ml. After
taking 99% of equilibrium yield, cleavage yield is 59.4%. While
concentration calculations exceeded empirical studies where
refolding would become impractically slow due to very high
residual urea, it is of interest to see productivity curves over a
wider range of refolding concentrations.
When refolding concentration increases, batch reactor volume
decreases, as dilution factor decreases (Fig. 7A). In contrast, tubular
reactor volumes decreased very quickly when dilution factor
Fig. 6. Refolding yields of 5 mg/ml CAII between refolding at 20 1C and tempera-
ture leap tactic from 4 1C for 50 min and immediately to 37 1C for 20 min.
Fig. 7. (A) Reactor volume curves against refolding concentration of EDDIE-pep6His for batch and tubular reactors. (B) Productivity curves against refolding concentration of
EDDIE-pep6His in batch and tubular reactors. (C) Reactor volume curves against refolding concentration of 6His-EDDIE-GFPmut3.1 for batch and tubular reactors.
(D) Productivity curves against refolding concentration of 6His-EDDIE-GFPmut3.1 in batch and tubular reactors.
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decreases to a minimum at around 4.3 mg/ml before increasing
(Fig. 7A). Even though processing volumes have decreased at
higher refolding concentration, residence times have increased
dramatically due to increase of residual chaotrope resulting in
lower reaction rate constants. Because tubular residence times are
ﬁxed for refolding step to complete, a larger tubular volume is
required to accommodate the residence time. Calculations at
higher refolding concentration range show that refolding becomes
irrationally long due to the higher residual chaotrope. However
the tubular reactor volume is much smaller than batch reactor
volume in the lower refolding concentrations range (Fig. 7A).
Both batch and tubular reactor reach an optimal productivity
before decreasing at higher refolding concentrations. Optimal pro-
ductivity for batch and tubular reactor is 5.5 and 10.6 mg/l/h, a 93%
improvement from batch to tubular reactor at refolding concentra-
tions of 7.0 and 4.2 mg/ml respectively. Optimal productivity values
are a ﬁne balance between a rational reactor volume and a reason-
able refolding time. Throughout concentration range, tubular pro-
ductivity is always higher than batch productivity (Fig. 7B), due to
longer processing time for additional ﬁlling and emptying steps.
In addition, the much smaller tubular volumes as compared to batch
volumes at lower concentration range also further improved pro-
ductivity of the tubular reactor. Productivity differences between
tubular and batch reactor narrowed down at higher concentrations
(Fig. 7B) as tubular reactor volume become irrationally large to
accommodate for the much longer residence time.
4.6. Productivity calculations for 6His-EDDIE-GFPmut3.1
Productivity was also calculated for 6His-EDDIE-GFPmut3.1.
Since cleavage yields is concentration dependent, using Eq. (1),
yield decreased with increasing refolding concentration between
0–1.7 mg/ml. Reactor volumes and productivity again showed
similar trends and reasoning to EDDIE-pep6His. However due to
the different refolding nature of 6His-EDDIE-GFPmut3.1, reactor
volumes are higher and productivity curves lower (Fig. 7C and D).
Both batch and tubular reactor again reaches an optimal
productivity before decreasing over refolding concentration. Opti-
mal productivity for batch and tubular reactor is 4.61 and 6.59 mg/
ml/h, a 43% improvement at refolding concentrations of 0.51 and
0.45 mg/ml, respectively (Fig. 7D). Although still an improvement
for tubular over batch reactor, it is lesser than the 93% improvement
of EDDIE-pep6His, suggesting more beneﬁts of the tubular reactor is
seen when a protein with a faster refolding kinetics is adopted.
4.7. Productivity comparison between a fast and slow refolding
protein
To directly compare the effects of a fast and slow refolding
protein on productivity, a ﬁctitious protein with rate constants of
one order magnitude faster and slower of the current 6His-EDDIE-
GFPmut3.1 was used in productivity calculations.
The fast refolding protein has a much higher tubular produc-
tivity improvement (Fig. 8A) than the slow refolding protein
(Fig. 8B) when compared to batch productivity. That is a 575%
improvement as compared to the latter 4% improvement, as the
emptying and ﬁlling steps of the batch reactor becomes less
signiﬁcant when refolding time becomes longer. It is thus clear
that a faster protein refolding is more beneﬁcial in a tubular
reactor. Nevertheless, the tubular reactor is always more produc-
tive in all cases than batch reactor.
Calculations show that productivity is dependent on a range of
factors, including volume and concentration of dissolved IBs,
refolding rate constants, refolding concentration, refolding beha-
vior, residual chaotrope, desired refolding time, reactor volume
and ﬂow rates. No one factor dictates productivity and a systema-
tic broad based approach is required in productivity calculations.
5. Discussion
The advantages of continuous operation are at hand, offering
higher productivity as demonstrated for other biotechnological
processes (Godawat et al., 2012; Ottow et al., 2011; Rosa et al.,
2013). This was also demonstrated for refolding in this work with
different conﬁgurations. The advantage of a tubular reactor is its
simple design. Continuous refolding was performed with CSTR
(Schlegl et al., 2005) or with continuous chromatography using the
effect of matrix assisted refolding or on-column refolding (Freydell
et al., 2010; Lanckriet and Middelberg, 2004; Machold et al., 2005;
Wellhoefer et al., 2013). In case of CSTR, it must be coupled to an
ultraﬁltration unit to keep the redox potential to a desired level.
In case of continuous matrix assisted chromatography, a more
sophisticated concept of column arrangement is required to
simulate a pseudo continuous cyclic operation, while annular
chromatography still lack robustness in mechanical design.
The tubular rector is in essence a tube and a two pumps and a
mixer, Even the design with one pump and a proportionate valve
is feasible. The design heuristics are simple; it is the residence
time to achieve the required refolding yield. From small scale
Fig. 8. (A) Productivity curves against refolding concentration of a ﬁctitious protein with rate constants an order of magnitude faster than 6His-EDDIE-GFPmut3.1 in batch
and tubular reactors. (B) Productivity curves against refolding concentration of a ﬁctitious protein with rate constants an order of magnitude slower than 6His-EDDIE-
GFPmut3.1 in batch and tubular reactors.
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batch refolding experiments at sub milliliter scale the time to
reach equilibrium can be estimated and residence time calculated
for the continuous reactor. To stop refolding before equilibrium is
reached may further improve productivity and economy. The
design criteria are the refolding kinetics and the time to reach
equilibrium.
Simple tubular rectors are optimal for refolding, since shear
does not greatly inﬂuence the refolding reaction. In contrast other
unit operation such as precipitation, ﬂocculation and crystalliza-
tion, the quality and outcome is highly dependent on shear.
So scale up is extremely simple only by increasing tube diameter,
length or ﬂow rate, as the inﬂuence of Reynolds number on
protein refolding is small in comparison to shear dependent
bioprocesses.
The reactor can be constructed from commercially available
parts and made out of disposal material. In addition a full in-line
sterilizable unit can be constructed. Such a reactor concept goes in
line with the new manufacturing concept; the factory of the
future. In such a concept the utility lines are provided while the
rest is brought into the plant as disposable units.
Continuous reactors are also well suited for in process control
and with the appropriate sensors quality can be monitored in real
time. A steady state is achieved and this ensures constant product
quality. So we consider our reactor concept as a contribution to
integrated continuous biomanufacturing.
6. Conclusions
Using three refolding strategies: direct dilution, pulse refolding
and temperature leap tactic, the versatility and principle of
refolding proteins in a tubular reactor has been proven.
In addition, calculations showed that protein refolding productiv-
ities to be higher in tubular reactor than conventional batch
reactor. The true beneﬁts of continuous processing can be further
realized when integrating it with other continuous processes
upstream and downstream.
Acknowledgements
We thank the group of G. Striedner for fermentation of the Npro
proteins and A. Treﬁlov for isolation of inclusion bodies. This work
has been supported by the Federal Ministry of Economy, Family
and Youth (FMEFY), the Federal Ministry of Trafﬁc, Innovation and
Technology (FMTIT), the Styrian Business Promotion Agency SFG,
the Standortagentur Tirol and ZIT—Technology Agency of the City
of Vienna through the COMET-Funding Program managed by the
Austrian Research Promotion Agency FFG (Grant No. 282482).
Sandoz as partner of the Austrian Centre of Industrial Biotechnol-
ogy (ACIB) also supported this work.
References
Achmüller, C., Kaar, W., Ahrer, K., Wechner, P., Hahn, R., Werther, F., Schmidinger, H.,
Cserjan-Puschmann, M., Clementschitsch, F., Striedner, G., et al., 2007. Npro
fusion technology to produce proteins with authentic N termini in E. coli. Nat.
Methods 4 (12), 1037–1043.
Brivio, M., Verboom, W., Reinhoudt, D.N., 2006. Miniaturized continuous ﬂow
reaction vessels: inﬂuence on chemical reactions. Lab Chip 6 (3), 329–344.
Caparon, M.H., Rust, K.J., Hunter, A.K., McLaughlin, J.K., Thomas, K.E., Herberg, J.T.,
Shell, R.E., Lanter, P.B., Bishop, B.F., Duﬁeld, R.L., et al., 2010. Integrated solution
to puriﬁcation challenges in the manufacture of a soluble recombinant protein
in E. coli. Biotechnol. Bioeng. 105 (2), 239–249.
Clementschitsch, F., Jürgen, K., Florentina, P., Karl, B., 2005. Sensor combination and
chemometric modelling for improved process monitoring in recombinant E. coli
fed-batch cultivations. J. Biotechnol. 120 (2), 183–196.
Doran, P.M., 1995. Bioprocess Engineering Principles. London: Academic.
Eiberle, M.K., Jungbauer, A., 2010. Technical refolding of proteins: do we have
freedom to operate? Biotechnol. J. 5 (6), 547–559.
Ferre, H., Ruffet, E., Nielsen, L.L., Nissen, M.H., Hobley, T.J., Thomas, O.R., Buus, S.,
2005. A novel system for continuous protein refolding and on-line capture by
expanded. Protein Sci. 14 (8), 2141–2153.
Freydell, E.J., Bulsink, Y., van Hateren, S., van der Wielen, L., Eppink, M., Ottens, M.,
2010. Size-exclusion simulated moving bed chromatographic protein refolding.
Chem. Eng. Sci. 65 (16), 4701–4713.
Godawat, R., Brower, K., Jain, S., Konstantinov, K., Riske, F., Warikoo, V., 2012.
Periodic counter-current chromatography—design and operational considera-
tions for integrated and continuous puriﬁcation of proteins. Biotechnol. J. 7
(12), 1496–1508.
Jungbauer, A., 2013. Continuous downstream processing of biopharmaceuticals.
Trends Biotechnol. 31 (8), 479–492.
Jungbauer, A., Kaar, W., 2007. Current status of technical protein refolding.
J. Biotechnol. 128 (3), 587–596.
Kaar, W., Ahrer, K., Dürauer, A., Greinstetter, S., Sprinzl, W., Wechner, P., Clem-
entschitsch, F., Bayer, K., Achmüller, C., Auer, B., et al., 2009. Refolding of Npro
fusion proteins. Biotechnol. Bioeng. 104 (4), 774–784.
Katoh, S., Katoh, Y., 2000. Continuous refolding of lysozyme with fed-batch addition
of denatured protein solution. Process Biochem. 35 (10), 1119–1124.
Kiefhaber, T., Rudolph, R., Kohler, H.H., Buchner, J., 1991. Protein aggregation
in vitro and in vivo: a quantitative model of the kinetic competition between
folding and aggregation. Biotechnology 9 (9), 825–829.
Lanckriet, H., Middelberg, A.P.J., 2004. Continuous chromatographic protein refold-
ing. J. Chromatogr. A 1022 (1-2), 103–113.
Levenspiel, O., 1999. Chemical Reaction Engineering. Wiley, New York.
Machold, C., Schlegl, R., Buchinger, W., Jungbauer, A., 2005. Continuous matrix
assisted refolding of alpha-lactalbumin by ion exchange chromatography with
recycling of aggregates combined with ultradiaﬁltration. J. Chromatogr. A 1080
(1), 29–42.
Mannall, G.J., Titchener-Hooker, N.J., Dalby, P.A., 2007. Factors affecting protein
refolding yields in a fed-batch and batch-refolding. Biotechnol. Bioeng. 97 (6),
1523–1534.
Middelberg, A.P.J., 2002. Preparative protein refolding. Trends Biotechnol. 20 (10),
437–443.
Nagy, K.D., Shen, B., Jamison, T.F., Jensen, K.F., 2012. Mixing and dispersion in small-
scale ﬂow systems. Org. Process Res. Dev. 16 (5), 976–981.
Ottow, K.E., Lund-Olesen, T., Maury, T.L., Hansen, M.F., Hobley, T.J., 2011. A magnetic
adsorbent-based process for semi-continuous PEGylation of proteins. Biotech-
nol. J. 6 (4), 396–409.
Reid, B.G., Flynn, G.C., 1997. Chromophore formation in green ﬂuorescent protein.
Biochemistry 36 (22), 6786–6791.
Rosa, P.A.J., Azevedo, A.M., Sommerfeld, S., Mutter, M., Backer, W., Aires-Barros, M.R.,
2013. Continuous puriﬁcation of antibodies from cell culture supernatant with
aqueous two-phase systems: from concept to process. Biotechnol. J. 8 (3), 352–362.
Schlegl, R., Tscheliessnig, A., Necina, R., Wandl, R., Jungbauer, A., 2005. Refolding of
proteins in a CSTR. Chem. Eng. Sci. 60 (21), 5770–5780.
Schmoeger, E., Berger, E., Treﬁlov, A., Jungbauer, A., Hahn, R., 2009. Matrix-assisted
refolding of autoprotease fusion proteins on an ion exchange column.
J. Chromatogr. A 1216 (48), 8460–8469.
Terashima, M., Suzuki, K., Katoh, S., 1996. Effective refolding of fully reduced
lysozyme with a ﬂow-type reactor. Process Biochem. 31 (4), 341–345.
Ueberbacher, R., Dürauer, A., Ahrer, K., Mayer, S., Sprinzl, W., Jungbauer, A., Hahn, R.,
2009. EDDIE fusion proteins: triggering autoproteolytic cleavage. Process Bio-
chem. 44 (11), 1217–1224.
Wellhoefer, M., Sprinzl, W., Hahn, R., Jungbauer, A., 2013. Continuous processing of
recombinant proteins: Integration of inclusion body solubilization and refold-
ing using simulated moving bed size exclusion chromatography with buffer
recycling. J. Chromatogr. A 1319, 107–117.
Wetlaufer, D.B., Xie, Y., 1995. Control of aggregation in protein refolding: a variety
of surfactants promote renaturation of carbonic anhydrase II. Protein Sci. 4 (8),
1535–1543.
Winter, J., Lilie, H., Rudolph, R., 2002. Renaturation of human proinsulin—a study on
refolding and conversion to insulin. Anal. Biochem. 310 (2), 148–155.
Xie, Y., Wetlaufer, D.B., 1996. Control of aggregation in protein refolding: the
temperature-leap tactic. Protein Sci. 5 (3), 517–523.
S. Pan et al. / Chemical Engineering Science 116 (2014) 763–772772
